The molecular structures of [Zn(S 2 COR) 2 (hmta)], R = Et (I) and iPr (II), and [Zn(S 2 CNRR′) 2 (hmta)], R = R′ = Et (III) and R = iPr, R′ = CH 2 CH 2 OH (IV), feature chelating 1,1-dithiolate ligands and monodentate hmta molecules; hmta = hexamethylenetetramine. The resulting NS 4 donor sets are highly distorted, with tendencies towards square pyramidal. Systematic differences in the structures are related to the greater chelating ability of the dithiocarbamate ligands leading to, e.g., elongated Zn-N bond lengths in III and IV. In the molecular packing, an unusual C-H···π(chelate ring) interaction is noted in III, which is correlated with the close to symmetric Zn-S bond lengths formed by the relevant dithiocarbamate ligand and resultant greater metalloaromatic character of the resulting ZnS 2 C chelate ring, and to the greater distortion of the coordination geometry compared with literature precedents. A three-dimensional architecture found for IV is sustained by hydroxyl-O-H···O, S and N hydrogen bonding.
Introduction
1,3,5,7-Tetraazatricyclo[3.3.1.1 3, 7 ]decane, more commonly referred to as urotropine or hexamethylenetetramine (hmta), is reported as the first crystal structure of an organic molecule described in the open literature [1] .
Aesthetically attractive and of high symmetry, this cagelike structure has four tertiary-amine atoms interlinked by methylene groups; however, the compact cage cavity is too small to accommodate other species. With four potential donor atoms for metals, it is not surprising that this molecule has long attracted the attention of coordination chemists, in particular in the context of constructing metal-organic frameworks (MOFs) [2] [3] [4] . While not as well studied as poly-pyridyl linkers in the constructions of MOF's, μ 2 -, μ 3 -and μ 4 -coordination modes of hmta have been revealed by crystallography. A search of the most recent version of the Cambridge Structural Database [5] reveals no less than 700 "hits" of which well over half contain a coordinated transition metal. All this interest notwithstanding, the coordination chemistry of hmta with metal 1,1-dithiolates, e.g. dithiocarbamates, xanthates and dithiophosphates, is comparatively rare [6] . While a summary of relevant structures is given below, it is salient to highlight some recent results in the structural chemistry of cadmium xanthate adducts of hmta as these motivated the present study.
In earlier work, reactions between Cd(S 2 COR) 2 for R = Me, Et and iPr, with hmta gave only three products despite varying the ratios between reactants, i.e. 1 : 2, 1 : 1 and 2 : 1 [6] . The isolated structures were also of interest as the compositions were very distinct. Thus, for R = Me, a 1 : 1 adduct was isolated and a one-dimensional coordination polymer was formed as hmta was μ 2 -bridging. A one-dimensional polymer was also formed by the R = Et compound but the stoichiometry of the adduct was 2 : 1 with the key difference being that the hmta ligand was μ 3 -bridging, linking two Cd(S 2 COEt) 2 entities in the chain as well as a terminal Cd(S 2 COEt) 2 residue. In contrast, a zerodimensional species was formed when R = iPr in the 1 : 1 adduct with hmta μ 2 -bridging. In keeping with the notion that steric effects are crucial in determining supramolecular aggregation in main group element 1,1-dithiolates [7, 8] , steric reasons were proffered to explain the different solidstate structures. The zero-dimensional adduct is clearly correlated with the presence of the relatively large isopropyl substituent. Similarly, a more open arrangement was found in the one-dimensional polymer for the R = Et compared with R = Me and this enabled the attachment of the pendant Cd(S 2 COEt) 2 residue. With this background in mind, it was thought of interest to continue these studies with binary zinc xanthates which resulted in the characterisation of I and II, Figure 1 . In addition, studies were performed with related zinc dithiocarbamates leading to III and IV, Figure 1 , as these have proven to provide interesting supramolecular chemistry owing to their potential for forming hydrogen bonding interactions [9] [10] [11] [12] . Herein, the crystal and molecular structures of I-IV are described.
Experimental Instrumentation
All chemicals and solvents were used as purchased without purification. The reactions were carried out under ambient conditions. Elemental analyses were performed on a Perkin Elmer PE 2400 CHN Elemental Analyser. Melting points were determined on a Krüss KSP1N melting point meter.
1 H NMR spectra were recorded in CDCl 3 (298 K) on a Bruker Avance 300 spectrometer for I, and in d 6 
Synthesis and characterisation
Synthesis of binary zinc xanthate and dithiocarbamate precursors: Zn(S 2 COR) 2 for R = Et and iPr, were obtained from the reaction of two moles equivalent of the xanthate salt (synthesised by the reaction of CS 2 with the respective alcohol in the presence of base) and Zn(NO 3 ) 2 ·6H 2 O in aqueous solution to yield a white powder.
Zn(S 2 CNRR′) 2 for R = R′ = Et 2 and R = iPr, R′ = CH 2 CH 2 OH, were obtained from the reaction of two moles equivalent of the dithiocarbamate salt (synthesised by the reaction of CS 2 with the respective amine in the presence of base) and Zn(NO 3 ) 2 ·6H 2 O in aqueous solution to yield a white powder.
Synthesis of (I)-(IV):
Each of the Zn(S 2 COR′) 2 and Zn(S 2 CNRR′) 2 precursors was dissolved in a solvent mixture of 3MeOH/acetonitrile, together with hexamethylenetetramine (hmta; Acros Organic). The resulting mixture was stirred for 5 h at 333 K and left for slow evaporation at room temperature. This procedure yielded crystals after 3 weeks in cases of II-IV. In the case of I, the powder was filtered off and crystals obtained by layering hexane over a solution of I in CHCl 3 . Using these procedures the following compounds were prepared: Zn(S 2 COEt) 2 (hmta) (I) 1 
Crystal structure determination
A Rigaku AFC12κ/SATURN724 diffractometer fitted with Mo Kα radiation (λ = 0.71073 Å) was employed to measure intensity data for colourless I at 98 K. Data processing and absorption correction were accomplished with CrystalClear [13] and ABSCOR [14] , respectively. Intensity data for colourless II-IV were measured at 100 K on an Agilent Technologies SuperNova Dual CCD with an Atlas detector also fitted with Mo Kα radiation. Data processing and absorption correction were accomplished with CrysAlis PRO [15] ; numerical (gaussian) corrections were applied in the cases of III and IV. With the use of SHELXS-97 [16] and SHELXL-2014/7 [17] programs integrated into WinGX [18] , the structures were solved by direct methods and refined on F 2 by full-matrix least-squares with anisotropic displacement parameters for all non-hydrogen atoms. The C-bound H atoms were placed on stereochemical grounds and refined in the riding model approximation with U iso = 1.2-1.5U eq (carrier atom). , respectively, and were located 0.89 and 0.95 Å from the Zn atom. Unit cell data, X-ray data collection parameters, and details of the structure refinement are given in Table 1 . The programs ORTEP-3 for Windows [18] , PLATON [19] , DIAMOND [20] and QMol [21] were also used in the analysis.
Results

General
The 1 : 1 reactions between the selected binary zinc xanthates and dithiocarbamates and hmta afforded I-IV in good yields. The spectroscopy ( 1 H NMR and IR) showed the expected features and confirmed the 1 : 1 stoichiometries. Unambiguous structure determination was afforded by single crystal X-ray crystallography.
Crystal and molecular structures
The molecular structure of [Zn(S 2 COMe) 2 (hmta)], (I), is shown in Figure 2 and selected geometric parameters are included in Table 2 . The zinc atom is chelated by two xanthate ligands with the final position in the penta-coordinated geometry occupied by a nitrogen donor from the hmta ligand. The xanthate ligands coordinate in an asymmetric fashion with the difference between the Zn-S short and Zn-S long bonds, ΔS, being 0.50 Å for the S1-containing xanthate ligand. The Zn-S bonds for the S3-xanthate fall within the range of bond lengths formed by the S1-xanthate so that ΔS is reduced to 0.22 Å. Based on a value of τ of 0.43 [22] , the NS 4 donor set defines a coordination geometry intermediate between a square pyramidal (τ = 0.0) and trigonal bipyramidal (τ = 1.0) with a slight tendency towards the former. Distortions from a regular geometry can be ascribed in part to the restricted bite distances of the xanthate ligands, which form the most acute angles. The widest angle subtended at the zinc atom involves the two weakly bound sulphur atoms. The main feature of the molecular packing of I is the formation of dimeric (centrosymmetric) aggregates mediated by hmta-methylene-C-H···N(hmta) interactions which are connected into a supramolecular chain along the b-axis by S1···S1 contacts, Figure 3a ; Table 3 collates the geometric characteristics of the major intermolecular interactions operating in the crystal structures of I-IV. The chains pack in layers but with no directional interactions within or between layers according to the standard distance criteria assumed in PLATON [19] , Figure 3b .
The molecular structure of [Zn(S 2 CO-iPr) 2 (hmta)], (II), Figure 4 and Table 2 , exhibits similar characteristics as described for I. The value of ΔS for the S1-xanthate ligand is 0.57 Å, considerably greater than 0.10 Å for the S3-xanthate. The greater precision in the analysis of II enables a correlation of the Zn-S bond lengths with the associated C-S bonds. Thus, for the S1-xanthate ligand, the disparity in the Zn-S1, S2 bonds correlates with the difference in the C1-S1, S2 bond lengths with C1-S1, involving the more tightly bound S1 atom, being considerably longer than the C1-S2 bond, Table 2 . This disparity is no longer evident in C5-S3, S4 when the differences in the Zn-S3, S4 bond lengths is much smaller so that C5-S3 is only marginally longer than C5-S4. The NS 4 donor set defines an intermediate geometry between square pyramidal and trigonal bipyramidal. However, by contrast to the situation for I, the calculated value of τ [22] , i.e. 0.58, suggests a distortion towards the latter.
In the molecular packing of II, molecules self-assemble into a supramolecular chain along the b-axis with a helical topology (2 1 -screw axis) being connected by methylene-C-H···O interactions, Figure 5 (a) and Table 3 . Reinforcing these chains are secondary Zn···S2 i interactions of 3.8724(7) Å cf. 4.05 Å, being the sum of the van der Waals radii of Zn and S [23] ; symmetry operation i: ½-x, - ½ + y, 1½-z. The chains assemble in the ab-plane with no specific interactions between them and similarly interdigitate along the c-axis without contacts, judged on the normal distance criteria [19] , Figure 5(b) .
Attention is now directed towards the dithiocarbamate analogues of I and II: the molecular structure of [Zn(S 2 CNEt 2 ) 2 (hmta)], (III), Figure 6 and Table 3 , is, to a first approximation, similar to the xanthate structures. Thus, the zinc(II) centre is chelated by two dithiocarbamate ligands and the penta-coordinated geometry is completed by a hmta ligand coordinating in the monodentate mode. The S1-containing dithiocarbamate ligand forms Zn-S1, S2 bonds with ΔS = 0.30 Å, a value greater than ΔS = 0.16 Å formed by the S3-dithiocarbamate. For the asymmetrically coordinating ligand, the disparity in the Zn-S1, S2 bond lengths is reflected in the associated C-S1, S2 bonds whereas for the more symmetrically coordinating ligand, the C-S3, S4 bond lengths are equal within experimental error. The value of τ computes to 0.33, indicating a coordination geometry skewed towards a square pyramid. Similar trends in the bond angles as for the xanthate structures are apparent, Table 4 . Globally, the molecular packing of III may be described as comprising double layers of molecules that stack along the c-axis with no directional interactions between them. Supramolecular layers in the ab-plane are sustained by dithiocarbamate-methylene-C-H···N(hmta) and C-H···π interactions between hmta-C-H and where the π-system is defined by the ZnS 2 C chelate ring, Figure 7a . Similar C-H ... π(chelate ring) interactions are now well known in the supramolecular chemistry of metal 1,1-dithiolates, including xanthates and dithiocarbamates [12, [24] [25] [26] [27] [28] [29] , as well as in other systems such as metal acetylacetonates [30] . Centrosymmetrically layers are linked via S4···S4 i interactions of 3.3177(10) Å, cf. the sum of the van der Waals radii = 3.60 Å [23] ; symmetry operation i: 1-x, 2-y, 1-z, and the resultant double layers assemble along the c-axis being separated by hydrophobic interactions, Figure 7 (b).
The final structure to be discussed, i.e. IV, contains dithiocarbamate ligands functionalised with hydrogen bonding potential, Figure 8 and Table 3 . A notable feature of the structure is the presence of four independent molecules in the crystallographic asymmetric unit. A recent survey showed metal-containing molecules exhibited Z′ > 1 in 9.2% in their structures cf. 12.3% for all-organic molecules [31] . These numbers rise for triclinic space groups based on an earlier survey of 173,479 non-polymeric structures comprising one chemical species only [32] . Thus, Z′ > 1 occurs in 15.6 and 22.6% of triclinic metalorganic and all-organic crystal structures, respectively. Just 0.69% of structures in this survey featured the P1 ̅ space group with four independent molecules in the asymmetric unit [32] .
As for the structures above, the zinc atom in each independent molecule is chelated by two 1,1-dithiolate ligands and coordinated by the monodentate hmta ligand. There are distinguishing features in the molecular structures, starting from the modes of coordination of the dithiocarbamate ligands. The pattern in ΔS for III, i.e. one ligand forming more asymmetric bonds than the other, is followed for molecules a, b and d, but both ligands are coordinating similarly in molecule c with ΔS being 0.27 and 0. pyramidal. As gleaned from the diagrams in Figure 8 , the dithiocarbamate ligands overlap to a first approximation being related by a non-crystallographic two-fold rotation aligned along the Zn-N bond. Conformational differences are apparent in the relative orientations of the N-bound hydroxyethyl and isopropyl substituents. More notable is the disparity in the relative orientations of the hmta ligands with respect to the ZnS 4 chromophore in the four molecules. This is not to imply different conformations of the hmta ligands as an overlay diagram of the four independent molecules (not shown) confirm that are strictly superimposable and have the same all-chair conformation found in the structure of the well-studied, uncoordinated hmta molecule but lacking the high symmetry [1, 33, 34] .
With eight independent hydroxyl groups, substantial hydrogen bonding is anticipated in the molecular packing. Indeed, each hydroxyl group participates in a donor interaction. While this is true, there are only four hydroxyl-O-H···O(hydroxyl) hydrogen bonds and these are complimented by two hydroxyl-O-H···S(dithiocarbamate) and two hydroxyl-O-H···N(hmta) hydrogen bonds, Table 4 . Although the formation of other than hydroxyl-O-H···O(hydroxyl) hydrogen bonds maybe unexpected, this is often observed in the supramolecular chemistry of hydroxyethyl-substituted dithiocarbamate compounds [10, [35] [36] [37] . Also surprising is that despite the large number of hydrogen bonds, these sustain a supramolecular layer parallel to (0 1 4), Figure 9a , rather than a three-dimensional architecture. The Zn1-Zn4-containing molecules interact via hydrogen bonds with three (via O-H···O Figure 9b ; the diversity in hydrogen bond formation further differentiates the four independent molecules. Layers thus formed are connected via hmta-methylene-C-H···O, N interactions, Figure 9c and Table 3 .
Discussion
The common feature of the four structures reported herein is the adoption of penta-coordinate geometries defined by two chelating 1,1-dithiolate ligands and monodentate hmta ligands. Generally, one 1,1-dithiolate ligand chelates with considerably more asymmetry than the other. The resulting NS 4 donor sets define heavily distorted geometries being intermediate between trigonal bipyramidal and square pyramidal with general tendencies towards the latter. Differences between I and II on the one the one hand and III and IV on the other are related to the nature of the 1,1-dithiolate ligands. Referring to Figure 10 , the contribution of the canonical forms to the overall electronic structures of the xanthate and dithiocarbamate anions are about 20 and 40%, respectively [25, 38, 39] . This has the consequence that the dithiocarbamate ligand is a more effective chelating agent explaining the more symmetric coordination modes in III and IV. The systematic elongation of the Zn-N bond lengths in III and IV, Table 4 cf. those in I and II, Table 2 , is therefore explained. Finally, the appearance of the stand-alone intermolecular C-H···π(chelate) interaction in III, involving the more symmetrically coordinating dithiocarbamate ligand, is consistent with greater metalloaromatic character [40] [41] [42] . It is noted that non-aromatic systems may also form analogous interactions [43] [44] [45] .
As indicated in the Introduction, analogous chemistry between cadmium xanthates and hmta was explored recently [10] . By contrast to the 1 : 1 adducts formed herein, depending on the size of R in Cd(S 2 COR) 2 , different ratios of Cd(S 2 COR) 2 and hmta were formed in the adducts Cd(S 2 COMe) 2 (hmta), Cd(S 2 COEt) 2 (hmta) 0.5 and Cd(S 2 COiPr) 2 (hmta), regardless of the ratios (1 : 2, 1 : 1 and 2 : 1) of the reagents in the reaction medium. While such an extensive study was not performed herein, only 1 : 1 species were isolated in the case of Zn(S 2 COEt) 2 when reacted with 0.5 or 2 molar equivalents of hmta.
There are literature precedents for III whereby III has been isolated as a co-crystal with fullerene (C 60 ) with chlorobenzene as the occluded solvent; the ratio of the species is 2 : 1 : 1 [46] . Figure 11 shows an overlay diagram of III with the two independent molecules from the literature and several conformational differences are evident. It is suggested that the differences between the molecules relate to the formation of the aforementioned C-H π(chelate ring) contact. Also, to enable this contact, the ethyl groups of the dithiocarbamate ring must be directed towards the same side of the ligand; all other conformations have the rings lying to either side, Figure 10 , as is normally observed for diethyldithiocarbamate ligands [38, 39] . Compared to the literature molecules, the second dithiocarbamate and hmta ligands are pushed away from the symmetric dithiocarbamate ligand, again due to the close approach of a symmetry related hmta molecule to enable the C-H By contrast to xanthate and dithiocarbamate ligands, equivalent canonical structures to those shown in Figure 10 do not exist for the dithiophosphate, − [S 2 P(OR) 2 ], and dithiophosphinate, − S 2 PR 2 , ligands owing to the tetrahedral geometry of the phosphorus atom. Accordingly, these ligands are less likely to be chelating and show a greater propensity for bridging metal centres [7, 8, 47, 48] , often via secondary interactions [49, 50] , and therefore, to form coordination polymers with polyfunctional Lewis base donors [51, 52] . In this context, all of the known metal dithiophosphates/dithiophosphinates adducts of hmta bar one, have the latter coordinating in a bidentate, bridging mode [53] [54] [55] . The exceptional structure is that of Cd[S 2 P(OEt) 2 ] 2 (hmta) 2 with monodentate hmta ligands [56] .
Conclusions
The polyfunctional hmta ligand functions as a monodentate ligand to binary zinc(II) xanthates (I and II) and dithiocarbamates (III and IV), leading to NS 4 donor sets which define distorted coordination geometries tending towards square pyramidal. Systematic variations between the xanthate and dithiocarbamate structures are correlated with the enhanced coordinating ability of the latter. As expected from the composition, a two-dimensional array in IV is sustained by hydrogen bonding. By contrast, weaker interactions contribute to the stabilisation of the crystal structures of I-III. Of interest is the formation of a C-H ... π(chelate ring) interaction in III, a result correlated with the greater chelating ability of the dithiocarbamate ligand involved in forming this contact, a contact that is of sufficient strength to influence the relative orientation of the other components of the molecule.
